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An exploratory experimental and theoretical investigation of gaseous nuclear

rocket technology is being conducted by the United Aircraft Corporation Research

Laboratories under Contract NASw-847 with the Joint AEC-NASA Space Nuclear Propulsion

Office. The Technical Supervisor of the Contract for NASA is Captain W. A. Yingling

(USAF). Results of the fluid mechanics portion of the investigation conducted

during the period between September 15, 1965 and May 30, 1967 are described in the

following four reports (including the present report) which comprise the required

fifth Interim Summary Technical Report under the Contract:

Io Travers, A. : Experimental Investigation of Flow Patterns in Radial-Outflow

Vortexes Using a Rotating-Peripheral-Wall Water Vortex Tube. UAC Research

Laboratories Report F-910091-10, May 1967 (NASA CR-991, 1968).

2, Johnson, B. V. : Exploratory Flow and Containment Experiments in a Directed-

Wall-Jet Vortex Tube with Radial Outflow and Moderate Superimposed Axial Flows.

UAC Research Laboratories Report F-910091-11, May 1967 (NASA CR-992, 1968).

o Kendall, J. S., A. E. Mensing, and B. V. Johnson: Containment Experiments in

Vortex Tubes with Radial Outflow and Large Superimposed Axial Flows. UAC Research

Laboratories Report F-910091-12, May 1967 (present report, NASA CR-993, 1968).

Clark, J. W., B. V. Johnson, J. S. Kendall, A. E. Mensing, and A. Travers:

Summary of Gaseous Nuclear Rocket Fluid Mechanics Research Conducted Under

Contract NASw-8h7. UAC Research Laboratories Report F-910091-13, May 1967.

(Submitted to AIAA for publicatlon.)
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Containment Experiments in Vortex TubesWith

Radial Outflow and Large Superimposed Axial Flows

Z

SUMMARY

An experimental investigation was conducted to determine the heavy-gas contain-

ment characteristics of radial-outflow vortexes for potential application to a

vortex-stabilizedj open-cycle gaseous nuclear rocket engine. Tests were conducted

in a constant-temperature vortex with Reynolds numbers based on the superimposed

axial flow up to those expected in a full-scale engine. Air was employed to slm-

= ulate the seeded hydrogen propellant and a heavy fluorocarbon was used in most tests

m to simulate the gaseous nuclear fuel. The effects on heavy-gas containment of

changes in the vortex tube length-to-diameter ratio, the light-gas injection geome-

try and area, the ratio of average heavy-gas density to light-gas density, and the

_ density of the heavy gas at injection were studied.

The heavy-gas containment parameters obtained were one to two order of magni-

tude less than are presently estimated to be required for an economically practical

open-cycle engine. The containment parameters varied significantly only with vortex

tube length-to-diameter ratio and the ratio of average heavy-gas density to light-

gas density. The results of some tests using helium injected near the centerllne of

the vortex indicated that the presence of a light gas in the central region of the

vortex has a significant favorable effect on containment characteristics; these re-

sults have potential application to the nuclear light bulb engine.

=
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RESULTS

i. Experimentally determined containment parameters (the ratio of the average

heavy-gas dwell time to the average light-gas dwell time in the vortex tube) for

vortexes with radial outflow and large superimposed axial flows are between one and

two orders of magnitude lower than are now estimated to be required for an economi-

cally practical_ vortex-stabilized open-cycle gaseous nuclear rocket engine.

2. The containment parameters in tests with a vortex tube length-to-diameter

ratio equal to 1.0 increased from approximately 3.5 to i0 as the ratio of the light-

gas weight flow rate to the heavy-gas weight flow rate was increased from 7 to 50.

The corresponding ratio of average heavy-gas density to light-gas density decreased

from 0.5 to 0.2. The containment parameter was independent of axial-flow Reynolds

number, tangential injection Reynolds number, axial component of the light-gas in-

jection velocity, and light-gas injection area and geometry.

3. The containment parameters decreased as the vortex tube length-to-diameter

ratio was increased. For example_ with a ratio of light-gas weight flow rate to

heavy-gas weight flow rate of 50, the containment parameter decreased from approxi-

mately i0 to 5 and the corresponding ratio of average heavy-gas density to light-gas

density decreased from 0.2 to 0.i when the vortex tube length-to-diameter ratio was

increased from !.O to 3.0.

4. The presence of helium in the central region of vortexes with radial out-

flow and superimposed axial flow resulted in a stabilizing density gradient near the

peripheral wall of the vortex tube. This result indicates that the presence of the

radial density gradient caused by the temperature gradient in the coolant buffer

region of a nuclear light bulb engine should significantly reduce the fuel concen-

tration in this region by reducing or eliminating turbulent diffusion.



INTRODUCTION

l

I

B

An experimental and theoretical investigation of gaseous nuclear rocket tech-

nology is being conducted by the United Aircraft Research Laboratories under Con-

tract NASw-847 administered by the joint ARC-NASA Space Nuclear Propulsion Office.

The research performed under this contract is applicable to two vortex-stabilized

gaseous nuclear rocket concepts: the open-cycle engine concept and the nuclear

light bulb concept.

In the open-cycle concept (one engine design is shown schematically in Fig. i),

hydrogen propellant is injected from the peripheral wall of the rocket chamber to

drive the vortex. The propellant sprials axially in an annular region near the

peripheral wall into an exhaust annulus at one end of the chamber and through the

exhaust nozzles. Gaseous nuclear fuel is contained in the central region of the

vortex flow. Heat is transferred by thermal radiation from the gaseous nuclear

fuel to the seeded hydrogen propellant passing over the fuel region. Details of the

engine concept -- including the fluid mechanics, heat transfer, nucleonics and struc-

ture -- are described in Ref. i.

In the nuclear light bulb concept, propellant is heated by thermal radiation

passing through an internally cooled transparent wall located between the fuel and

the propellant. Coolant gas is injected tangent to the inner surface of the trans_

parent peripheral wall to establish the vortex flow which is utilized to contain

gaseous nuclear fuel and to isolate it from the transparent wall.

Two primary factors which determine the flow patterns in confined vortexes are

(1) whether or not there is a superimposed axial flow near the peripheral wall, and

(2) whether or not the net flow of fluid is radially inward or outward with respect

to the centerline of the vortex. In a vortex with superimposed axial flow, fluid

is injected at the peripheral wall to drive the vortex and is withdrawn through an

annulus located near the outer edge of one end wall. The radial-inflow vortex is

formed by removing a small amount of fluid through ports at the centers of the end

walls. The radial-outflow vortex also is driven by injecting fluid at the peripheral

wall, but in this case additional fluid is injected through the ports at the centers

of the end walls.

Flow visualization tests of radial-inflow vortexes (Refs. 2 and 3) have indi-

cated that the flow in the central region of the vortex is relatively laminar and,

hence, may lead to satisfactory containment of gaseous nuclear fuel. However_ two-

component gas tests with radial-inflow vortexes (Refs. 4, 5, and 6) have shown that

the density of the heavy gas in the simulated fuel-containment region of the vortex

(i.e., the relatively laminar central region) cannot be substantially greater than

that of the surrounding light gas without creating instabilities and turbulence.



In an open-cycle engine the density of the £uelmust be considerably greater than

that of the surrounding propellant; the fuel-to-propellant density ratios attain-

able with a radial-inflow vortex are not large enough for such an engine. However,

since the nuclear light bulb engine could utilize a heavier gas, such as neon,

between the fuel and the transparent wall, radial-lnflow vortex appear suitable for

the nuclear light bulb engine.

Initial flow visualization tests of radial-outflow vortexes (Ref. 2) indicated

that the flow was turbulent in the central region of the vortex. Two-component gas

tests (Refs. 5 and 6) indicated that the density of the heavy gas in the simulated

fuel-containment region could be increased to a value substantially greater than the

density of the surrounding light gas. However, no measurements had been made of the

amount of heavy gas contained and the heavy-gas loss rates for flow conditions with

large amounts of superimposed axial flow. Thus, further research was required to

determine whether radial-outflow vortexes with superimposed axial flow would be

suitable for application to an open-cycle engine.

Three different experimental investigations were conducted concurrently to in-

vestigate the characteristics of radial-outflow vortexes for potential application

to an open-cycle engine. This report presents the results of heavy-gas containment

tests conducted at Reynolds numbers up to those that are presently estimated to be

required in a full-scale engine. The results of a parallel investigation of radial-

outflow vortexes (conducted at lower Reynolds numbers) are reported in Ref. 8.

That report describes flow visualization tests, flow-field velocity measurements

and heavy-gas containment tests. The results of flow visualization tests directed

toward obtaining fundamental information on the stability and flow patterns in

radial-outflow vortexes are reported in Ref. 7. A summary of the principal results

of the fluid mechanics research conducted under Contract NASw-847 and a comparison

of the observed flow characteristics with those that are now estimated to be re-

quired for both open-cycle and nuclear light bulb engines are presented in Hcf. 9.

Background and Objectives of This Investigation

Previous two-component gas tests (e.g., Refs. 4, 5, and 6) were conducted at

Reynolds numbers one to two orders of magnitude less than would be required for a

typical vortex-stabilized, open-cycle engine. The vortex tubes used in prevlous

tests employed a length-to-diameter r_tio of 3.0 and a low value of the ratio of

the average axial velocity in the vortex to the light-gas injection velocity (less

than 0.2). For comparison, velocity ratios and length-to-diameter ratios approach-

ing 1.O are anticipated in an open-cycle engine (Ref. lO). In addition_ no previous

tests were conducted with geometries that provided light-gas injection with both tan-

gential and axial velocity components.



Accordingly, the principal objectives of the investigation reported herein
were to determine the effects on heavy-gascontainment in radial-outflow vortexes
with superimposedaxial flow of (i) increasing the Reynoldsnumbersto values that
are estimated to be required for the open-cycle engine, (2) varying the light-gas
injection configuration and area, and (3) changing the vortex tube length-to-diam-
eter ratio. In addition, several related investigations of basic vortexes (no
superimposedaxial flow) were also performed; results of these investigations are
discussed in APPENDIXESI and If.
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TEST EQUIPMENT

High Reynolds Number Test Facility

The high Reynolds number test facility consists of four systems: the light-gas

(simulated-propellant) supply system, the heavy-gas (simulated-fuel) supply system,

the test section and exhaust system, and the control console and data acquisition

system. Figure 2 is a schematic diagram of the first three systems which comprise

the test facility.

Light-Gas Supply System

The light-gas supply system provides a metered quantity of simulated propellant

to the test section at the pressure, temperature, and weight flow rate required for

a particular flow condition. A photograph of the heater and associated piping for

the light-gas supply system is shown in Fig. 3. Light gas enters this system from

the Research Laboratories 400 psi air supply or from the atmosphere. Light-gas flow

rates up to 5 ib/sec were available using the 400 psi air supply. A combination

steam and electric heater was used to heat the light gas to the desired temperature

of 300 F. The weight flow rate of light gas into the test section was measured

using ASME long-radius flow nozzles.

Heavy-Gas Supply System

The heavy-gas (simulated-fuel) supply system provides a metered quantity of

simulated fuel to the test section at the pressure, temperature, and weight flow

rat@ required for a particular flow condition. For most tests reported herein, the

heavy gas consisted of a mixture of gaseous iodine and the vapor of an inert fluoro-

carbon, FC-77 (a 3M Company trademark). The molecular weight of FC-77 is approxi-

mately 400. FC-77 vapor was produced from liquid FC-77 in a specially constructed

boiler. Gaseous iodine was produced in a similar manner. A photograph of the

boiler and associated piping for the heavy-gas supply system is presented in Fig. 4.

Valves in the heavy-gas supply system allow a portion of the FC-77 to flow through

the iodine boilder to control the fraction of the total heavy gas which is iodine.

Control of the amount of iodine in the heavy-gas mixture is essential to the ac-

curacy of the data-acquisition system which measures the amount of iodine vapor by

the fraction of light absorbed. The FC-77 weight flow rate was measured using a

turbine flow meter; the iodine weight flow rate was determined using a light absorp-

tion technique. Flow rates of FC-77 up to about 0.75 ib/sec could be used.

@



For a few tests, the simulated fuel consisted of a mixture of iodine vapor and

one of several other gases: helium, nitrogen, or sulphur hexafluoride. These gases

were heated in a heat exchanger (not shown in Fig. 2) located in the heavy-gas sup-

ply system. When gases other than FC-77 were used_ their weight flow rates were

measured using rotameters.

Test Section and Exhaust System

A photograph of the test section with a vortex tube installed is shown in

Fig. 5. (Details of the vortex tubes employed in this investigation will be des-

cribed in a following section.) The test section in which the vortex tubes were

mounted consists of a 20-in.-ID by 30-in.-long cylindrical shell with end flanges.

One of the end flanges is mounted on rollers_ thus providing access to the vortex

tube within the test section. The vortex tube is cantilevered from this flange-

roller combination. The inlet ducts connect to the end flanges and lead to the in-

jection plenum, which consists of an annular space between the vortex tube and test

section outer cylindrical shell. For the basic vortex tube configuration, the ex-

haust ducts also connect to the end flanges.

The exhaust system consists of valves and associated piping necessary to connect

the test facility to the Research Laboratories' vacuum system. A throttling valve

installed in the exhaust system provided pressure regulation for the test section.

Control Console and Data Acquisition System

The control console (shown in Fig. 6) is used for remote operation of the high-

Reynolds-number test facility. Also shown in Fig. 6 are components of the data ac-

quisition system which record information from which the heavy-gas weight flow rate,

the radial distribution of heavy-gas density, and amount of heavy gas stored within

the vortex tube can be determined.

The amount of heavy gas stored and the radial distribution of heavy-gas density

within the vortex tube were obtained using a collimated light beam which passed

axially through the test section. The light absorbed by iodine vapor was propor-

tional to the average heavy-gas density at a given radius. The beam was traversed

along the vertical diameter of the vortex tube. Fig. 7 is a schematic diagram of

the optical system used to obtain these measurements. Further details and discus-

sion off the data acquisition system are presented in APPENDIX III.



Vortex Tubes

A vortex configuration with a superimposed region of high axial velocity near

the peripheral wall was employed for most tests reported herein. Figure 8 is a

shetch of an axial-flow vortex tube mounted in the test section. A total of four

vortex tubes, designated by their light-gas injection configurations, were used:

three were multiple-fixed-port vortex tubes and one was directed-wall-jet vortex

tube. These are described below: The vortex tubes used for the related tests of

basic vortexes are described in APPENDIXES I and II.

Multiple-Fixed-Port Vortex Tubes

A sketch of the light-gas injection geometry of the multiple-fixed-port tubes

and a photograph of one tube are presented in Fig. 9. All three vortex tubes are

10-in.-IDby 30-in.-long steel cylinders. The total injection areas are A j = 13.1,
20.5, and 40.2 sq in. These vortex tubes each have 4284 holes drilled inward at an

angle of 19 deg with respect to the local tangent (see Fig. 9 and TABLE I). There

are 36 holes located at each of ll9 axial locations along the vortex tube length.

The hole diameters for the three vortex tubes having different injection areas are

0.062 in., 0.078 in., and 0.108 in., respectively. The holes are drilled in the

tangential direction so that the light gas does not have an axial component of

velocity at injection. As noted in TABLE I, the tube having O.108-in.-dia holes

was used with an end-wall insert (see following section) which provided a length-

to-diameter ratio of 1.0; the injection area for this configuration was 13.3

sq in.

Directed-Wall-Jet Vortes Tube

A single directed-wall-Jet vortex tube, similar to that described in Ref. 8,

was constructed for this investigation. This vortex tube is also an lO-in.-ID by

30-in.-long steel cylinder and employs the directed-wall-jet injection geometry

shown in Fig. lOa. The vortex tube has 900 individually directable injection ports

spaced uniformly on the peripheral wall. There were 30 rows of inserts (Fig. lOb)

located at each of 30 axial locations along the vortex tube length. Injection areas

up to 45 sq in. were attainable using inserts having different slot heights. The

inserts were oriented to provide an axial component to the light-gas injection

velocity. For the tests conducted in this investigation the injection angle, B j ,
varied from 0 deg to 63.5 deg along the length of the vortex tube. This distribu-

tion was chosen on the basis of results reported in Ref. 8. Figure ll is a photo-

graph of the partially assembled directed-wall-jet vortex tube in the high Reynolds

number test facility. The volume outside of the vortex tube was divided into 15

separate plenums by plenum dividers and inflatable seals located between the vortex

tube and the test section outer cylindrical shell (see Fig. ll). The pressure and



weight flow rate through each plenumwere individually coz,trolled. As noted in
TABLEI, one series of tests wasconductedwith only 300 inserts in the L/D -- 3.0
tube. In addition, a special end wall (see following section) wasemployedin some
tests to reduce the L/D to 2.0 or 1.O. For these conflguratlons, the number of in-

serts within the vortex tube was reduced to 600 and 300, respectively.

End Walls

Flow was exhausted from the vortex tubes at the axial-flow end wall (see

Fig. 8). The essential components of the axlal-flow end wall were a glass disc

located in the exit plane of the vortex tube and a plenum downstream of the disc.

The space between the edge of the disc and the vortex tube peripheral wall formed

an exhaust annulus which, for most tests, extended from a radius of 4.0 in. to

5.0 in. A plenum divider (see Fig. 8) was installed in the axlal-flow end-wall

plenum. This divider provided an optical path for the axial-light beam through

the plenum which prevented absorption of the light beam due to the presence of

iodine vapor in the plenum. The plenum was connected to the axial-flow exhaust

system (see Fig. ll).

Two types of nonaxial-flow end walls were employed. One was a plain lO-in.-dia

steel disc which attached to an end flange of the test section; the other was a plain

10-in.-dla steel disc which could be positioned at any axial location within the

vortex tube to change the vortex-tube length-to-dlameter ratio. These end walls had

glass windows along their vertical diameter to allow the light beam to pass axially

through the vortex tube (see Fig. 7). Both end walls had 1.0-1n.-dia holes at their

centers for heavy-gas injection. For all tests discussed in the main text of this

report, heavy gas was injected through the hole at the center of the nonaxial-flow

end wall.

=



TEST AND DATA-REDUCTION PROCEDURES

Test Procedures

The flow condition for a typical heavy-gas containment test was specified by a

fixed vortex tube geometry operating with fixed Reynolds numbers, heavy-gas injec-

tion configuration and flow rate. Vortex tube geometry was specified by the light-

gas injection geometry (either multiple fixed port or directed wall Jet) and the

total light-gas injection area. For these employing directed-wall-jet vortex tubes,

the axial distribution of light-gas injection angle was specified for each flow con-

dition. The flow rate of the light gas was specified in terms of an axial-flow

Reynolds number and a tangential injection Reynolds number. The former is defined as

P PI VZ, w rl
Re : (1)

Z,W /,LPi

where P _I andradiuls_p are the density and viscosity of the light gas at injection
and rl ms the of the vortex tube. The velocity Vz,w is equal to the

average velocity which would exist at the vortex tube exit if all the light-gas flow

were removed through an annular area extending from r = O.T5 rI to r = rI This

definition of axial-flow Reynolds number was developed in Refs. 1 and ll; it is use-

ful in applying the results of containment tests to engine studies such as those re-

ported in Refs. 1 and 10. For the tests reported herein, the average axial velocity

V z,w is

Wp

-Vz, w = (2)

(7/16) 7TrlZpp I

where Wp is the weight flow rate of light gas.

number, Rez,w , can be written as

Therefore, the axial-flow Reynolds

Re
Z_W

Wp

(7/16) _ r I /.Lpi

(3)

10



The tangential injection Reynolds number, Ref,j , is a measure of the

angular momentum of the light gas at injection into the vortex tube and is de-

fined as

Ret, j =
pev_,j r, = Wpr, cosBj (4)

#PI Aj ['_PI

H

where V¢ j is the tangential component of the average light-gas injection veloc-
ity. For tests employlng multlple-flxed-port vortex tubes, V_ , was equal to

....... _t J

the average llght-gas inJectlon veloclty since the injected llght gas had no axial

velocity component. For tests employing directed-wall-Jet vor_ex tubes, the light-

gas weight flow per unit length and the tangential component of average light-gas

injection velocity, V@,j , were constant along the length of the vortex tube.

For most tests described herein, the temperature of the light gas at injection

was approximately 300 F and the light-gas stagnation pressure was between 0.9 and

I.O atm. Since air was used as the light gas in all tests, the Reynolds numbers

were varied by changing the light-gas weight flow rate (see Eqs. (3) and (4)).

Tests to determine the amount of heavy gas that could be contained in a light-

gas vortex were conducted in the following manner. For a given vortex tube geome-

try, both the light- and heavy-gas flow rates were established (the heavy-gas flow

rate was monitored using an iodine absorptometer -- similar to that described in

Ref. 4 -- located on the heavy-gas injection duct). The light beam of the axial

absorptometer (described in detail in APPENDIX III) was traversed along a vertical

diameter of the vortex tube. This provided information on both the radial distribu-

tion and the total amount of heavy gas stored within the vortex tube. The light

beam traverse was repeated at least twice to verify that the total amount of heavy

gas within the vortex tube was constant (i.e., that a steady-state condition had

been reached). The time required for a single traverse of the axial light beam was

approximately 3 seconds (many times the average residence time for the heavy gas

within the vortex tube).

Data Reduction Procedures

One measure of the containment characteristics of a confined vortex flow is the

heavy-gas density ratio, PFI /P PI (i.e., the ratio of the volume-averaged

heavy-gas density to the light-gas density at the injection conditions). The density

_F 1 is given by

11



PFI -

(5)

where ")I/F is the amount of heavy gas stored and V is the total volume of the

vortex tube; V = TF rI2L The amount of heavy gas stored was determined by aver-

aging the data obtained from radial traverses both above and below the vortex tube

centerline. For most tests reported herein, this average value of heavy gas stored

deffered from the value determined from individual upper and lower traverses by less

than I0 percent. A detailed description of the technique employed to determine the

amount of heavy gas stored, the operation of the axial absorptometer, and the data

acquisition system is given in APPENDIX III.

The heavy-gas time constant, t F , is a measure of the heavy-gas loss rate

characteristics of a confined vortex flow. It is defined as

tF = N_F/W F (6)

where W F is the weight flow rate of heavy gas. The heavy-gas time constant is the

average residence time for all the heavy-gas in the vortex tube. Heavy-gas time con-

stants were converted to dimensionless time constants by dividing by ( PPI FI2/-_PI )'
a scaling parameter proportional to a characteristic time for similar flows (this

parameter is derived and discussed in Ref. 12). Hence,

(7)

Results of the containment tests reported herein are discussed in terms of the so-

called "containment parameter" r Fr / T FIMI N , where TFIMI N is the dimensionless
time constant which would result if the heavy and light gases were uniformly mixed

before injection into the vortex tube:

tFMI N

TFI MIN = pp, rl2//._pl (8)

In Eq. (8), IF is given by
MfN

tFMI N :

V

I OF
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zs (eF/%),Nj_ l, t_en

V

'F.,.: Qp---_- (lO)

Equation (8) may be combined with Eqs. (3) and (lO) to yield

(3217)(L ID)
: (ll)

TF I MIN Rez,w

This indicates that TFs MIN is directly proportional to the length-to-diameter
ratio of the vortex tube and inversely proportional to the axial-flow Reynolds number.

By combining Eqs. (6) and (lO), the expression for the containment parameter can

also be written as

: (la)

The ratio Wp/W F is sometimes used as a parameter in discussing containment, k

summary of other containment parameters and equations for converting from dimension-

less to dimensional parameters is given in APPENDIX IV.

13



DISCUSSION OF RESULTS

The heavy-gas containment experiments described in this report are divided into

three categories: (1) tests using multiple-fixed-port vortex tubes; (2) tests using

directed-wall-jet vortex tubes; and (3) tests using different simulated fuels (heavy

gases). Most of the heavy-gas contairument data will be presented as the variation

of the containment parameterj r F I /YFIMI N _ with the heavy-gas density ratio,

P F L/P P I " TABLE I presents a summary of the vortex tube geometries which were

employed in the tests discussed in the main text of this report. Results of related

tests conducted in vortex tubes having geometries different from those listed in

TABLE I (basic vortex configurations) are discussed in APPENDIXES I and II.

Results of Tests with Multiple-Fixed-Port Vortex Tubes

The heavy-gas containment tests using the multiple-fixed-port vortex tubes were

conducted to determine the effect on containment characteristics of (i) changes in

light-gas injection area and axial-flow Reynolds number, and (2) changes in the

length-to-diameter ratio of the vortex tube.

Effects of Li_ht-_as In4ection Area and Axial-flow Re,molds Number

Heavy-gas containment data obtained from tests using the L/D = 3.0 multiple-

fixed-port vortex tubes having A i = 13.1, 20.5 and 40.2 sq in. are presented in

Figs. 12, 13 and 14, respec%ively_ These data are summarized in Fig. 15 where a

single qurve is faired through all data points.

Examination of each set of data in Figs. 12 through 14 indicates that the con-

tainment parameter, r F /r_ , for each vortex tube was independent of axial-
I r IMIN

flow Reynolds number_ Rez w " Since r F is inversely proportional to Re z w• , IMIN I
(see Eq. (ii)), the d]_mensionless time constant rFI (and_ hence, the average heavy-

gas residence time tF ) was also inversely proportional to Rez, w for each of
these vortex tubes.

The faired curve from Fig. 15 fits the data in Figs. 13 and 14, but the data on

Fig. 12 deviate a small amount. This small deviation is not believed to indicate

any significant effect of A i on heavy-gas containment. Thus, the results indicate

that heavy-gas containment _n the multiple-fixed-port vortex tubes was independent

of light-gas injection area.
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Since the containment parameter was independent of light-gas injection area

and axial-flow Reynolds number, it was also independent of the tangential injection

Reynolds number, Re t j , and the average axial-to-tangential velocity ratio,

VZ,w / V_,] Th_s is because the parameters Ret, ] and Vz,w / V ¢,J
can be expressed in terms of the light-gas injection area, the axial-flow Reynolds

number, and the light-gas flow rate.

The summary in Fig. 15 indicates that the experimentally determined containment

parameters for multiple-fixed-port vortex tubes ranged from a value of approximately

6 at a heavy-gas density ratio of 0.05 (corresponding to a light-to-heavy-gas flow

rate ratio Wp/W F of 120) to a value of approximately 1.5 at a heavy-gas density

ratio of i.O (corresponding to a light-to-heavy-gas flow rate ratio Wp/W F = 1.5).

These values are approximately one to two orders of magnitude less than the values

of the containment parameter and fuel-to-propellant density ratio required for

economical operation of a full-scale open-cycle engine. The axial-flow Reynolds

numbers in the tests were up to 481,OO0, which is close to the value required for

a typical open-cycle engine (Ref. iO). A more detailed comparison of the results

of the fluid mechanics tests with the requirements for full-scale engines is pre-

sented in Ref. 9.

Typical radial distributions of heavy-gas density for the three multiple-fixed-

port vortex tubes are shown in Fig. 16. A radial distribution of heavy-gas density

for a vortex configuration having radial outflow but without superimposed axial flow

is also included in Fig. 16 (details of the tests of this configuration are presented

in APPENDIX I). The results for the axial-flow vortex configuration indicate that

light-gas injection area and axial-flow Reynolds number had no large effect on the

shape of the density distributions. With superimposed axial flow, the variation of

heavy-gas density with radius was small (see Fig. 16). Containment parameters for

these particular configurations were very low ( rFl /TFI _e 20 ) indicating
that a very intense mixing process existed. The fact that density distribution

for the vortex configuration without superimposed axial flow is so different is in-

dicative of a basic difference in the flow patterns with and without superimposed

axial flow. The containment data provide further evidence of this difference; for

the same light-to-heavy-gas flow rate ratio, the containment parameter and the heavy-

gas density ratio were approximately one order of magnitude larger for the configura-

tion without axial flow than for the configuration with axial flow.

Effect of Vortex Tube Length-to-Diameter Ratio

Results of tests conducted to determine the effect of vortex tube length-to-

diameter ratio on heavy-gas containment are presented on Fig. 17. The multiple-

fixed-port vortex tube with L/D = 1.0 was used in these tests (see TABLE I). Also

shown on Fig. 17 is a faired curve from Fig. 15 which represents the previously dis-
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cussed data for the vortex tubes having L/D = 3.0. The results of these tests are

similar to the results for L/D = 3.0; the containment parameter was independent of

axial-flow Reynolds number and decreased with increasing heavy-gas density ratio.

However, for a given heavy-gas density ratio, the containment parameter was approxi-

mately 2 to 3 times larger for L/D = 1.O than for L/D = 3.0 (Fig. 17). Or, stated

another way, for a given ratio of light-to-heavy-gas weight flow rates (shown by the

lines of constant Wp/W F ), both the containment parameter and the heavy-gas den-

sity ratio were approximately 2 to 3 times larger for L/D = 1.O than for L/D = 3.0.

Thus, the containment is improved with decreasing length-to-diameter ratio.

The effect of length-to-diameter ratio on the radial distribution of heavy-gas

density is presented in Fig. 18. The distributions shown are for a light-to-heavy-

gas flow rate ratio of approximately 23. The shapes of the two distributions are

similar and indicate that, although the containment parameter and heavy-gas density

ratio are larger for L/D = 1.O than for L/D = 3.0 (see Fig. 17), no well-defined

fuel containment region existed in either case. In each distributionj the variation

of heavy-gas density with radius is small, indicating that substantial mixing between

the light and heavy gases existed throughout the vortex tube for both L/D = 1.O and

L/D = 3.0.

Results of Tests with Directed-Wall-Jet Vortex Tubes

Results of containment tests reported in Ref. 8 indicated that substantial im-

provements in heavy-gas containment were obtained with a directed-wall-jet light-gas

injection configuration. For this configuration, the light gas is injected with an

axial velocity component to reduce the axial pressure gradient required to accelerate

the flow toward the axial-flow end wall. Tests were conducted in the high Reynolds

number facility to determine whether the increased containment parameters and heavy-

gas density ratios reported in Ref. 8 can be maintained or improved when the axial-

flow Reynolds number is increased and when the vortex tube length-to-diameter ratio

is changed.

Effects of Li_ht-_a s In4ectipn Area and Axial-flow Re_aqolds Number

Tests to determine the effects of changes in light-gas injection area, A] ,
and axial-flow Reynolds number Rez w , on heavy-gas containment were conducted

using the directed-wall-jet vortex t_be having a length-to-diameter ratio of 3.0.

The light-gas injection angle, _i , varied from 0 deg (i.e., no axial velocity
component) at the nonaxial-flow end wall to 63.5 deg at the axial-flow end wall.

This distribution was chosen based upon the results from Ref. 8. TABLE I presents

further details of the vortex tube geometry which was employed.
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Eeavy-gas containment data obtained from tests using the directed-wall-Jet

vortex tube having light-gas injection areas, Aj _ equal ll.0 and 32.2 sq in. are

presented in Figs. 19 and 20, respectively. In Fig. 21 the data from Figs. 19 and

20 are summarized. The data shown in Figs. 19 and 20 indicate that the containment

parameter was essentially independent of the axial flow Reynolds number for the two

light-gas injection areas; a result consistent with that obtained from the multiple-

fixed-port _ortex tubes. Further, Fig. 21 shows that the containment parameter and

heavy-gas density ratios were also independent of the light-gas injection area. The

containment parameters ranged from a value of approximately 7 at a heavy-gas density

ratio of 0.036 (corresponding to a light-to-heavy-gas flow rate ratio of 194) to a

value of approximately 1.5 at a heavy-gas density ratio of 0.46 (corresponding to a

light-t_',-heavy-gas flow rate ratio of 3.3).

Radial distributions of heavy-gas density within the directed-wall-jet vortex

tubes were similar to those in the multiple-fixed-port vortex tubes (see Fig. 16).

The variation of heavy-gas density with radius was small.

Effect of Vortex Tube Length-to-Diameter P_tio

Results of tests conducted to determine the effect of vortex tube length-to-

diameter ratio on heavy-gas containment are presented in Fig, 22. Data were ob-

tained for vortex tubes having length-to-diameter ratios of 1.0 and 2.0 to compare

with the data for L/D = 3.0 from Fig. 21. The results indicate that the contain-

ment parameters increased as L/D was decreased from 3.0 to 1.0. The containment

parameter was essentially independent of axial-flow Reynolds number and decreased

with increases in heavy-gas density ratio for both the L/D = 1.0 and L/D = 2.0

vortex tube configurations,

Comparison of Results of Containment Tests Employing

Multlple-Fixed-Port and Directed-Wall-Jet Vortex Tubes

Figure 23 summarizes results of tests with both multiple-fixed-port and directed

wall-Jet vortex tubes. The curves indicate that for a vortex tube length-to-diameter-

ratio equal to 1.O, the containment parameter increased from approximately 3.5 to lO

as the ratio of the light-gas weight flow rate to the heavy-gas weight flow rate was

increased from 7 to 50. The corresponding heavy-gas density ratio decreased from

0.5 to 0.2. The containment parameter was found to be essentially independent of

the axial-flow Reynolds number_ the tangential injection Reynolds number, the axial

component of the light-gas injection velocity, and light-gas injection area and geo-

metry. Howeverj Fig. 23 also shows that the containment parameter decreased as the

vortex tube length-to-diameter ratio was increased. For example, with a ratio of

light-gas weight flow rate to heavy-gas flow rate of 50, the containment parameter
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decreased from approximately l0 to 5 and the heavy-gasdensity ratio decreased
from 0.2 to 0.1 as the vortex tube length-to-diameter ratio was increased from
1.0 to 3.0.

Included in Fig. 23 is a line representing results of tests of a vortex tube
configuration without superimposedaxial flow. (Further descriptions of tests with
this configuration are presented in APPENDIXI. ) The containmentparameters and
density ratios obtained from these tests were approximately 8 to l0 times those
obtained from tests of c_mparableconfigurations with axial flow. The low values
of containment parameter obtained from tests of axial-flow configurations are
believed to be due to mixing betweenthe fluid near the outer region of t_ vortex
tube and the fluid in the central, or heavy-gas-containment, region. Suchmixing
results from the presence of the large amountsof superimposedaxial flow near the
vortex tube peripheral wall. Further verification and discussion of this mixing
problem is contained in Ref. 8.

Results of heavy-gas containment tests discussed in the preceding paragraphs
indicate that the axial-flow vortex configuration will not provide the values of
containment parameter and heavy-gasdensity ratio presently estimated to be required
for an economically practical open-cycle vortex-stabilized gaseousnuclear rocket
engine. Experimentally determined containmentparameters reported herein for
vortexes with radial outflow and large superimposedaxial flows are betweenone and
two orders of magnitudelower than those which are presently estimated for such an
engine.

Results of Tests EmployingDifferent Simulated Fuels

A series of tests employingdifferent density gases wasconductedin the high
Reynolds numbertest facility. To avoid confusion betweenthe terms heavy gas and
light gas, the gas injected at the vortex centerline (previously called the heavy
gas) will be referred to as the simulated fuel and the gas injected at the vortex
peripheral wall (previously called the light gas) will be referred to as the sim-
ulated propellant in this section of the report. Simulated fuels were used that
had densities at injection of less than, approximately equal to, and greater than
the simulated-propellant density at injection. The directed-wall-jet vortex tube
had a light-gas injection area of ii.0 sq in. and a length-to-diameter ratio of
1.0. The injection direction of the simulated propellant (air) varied from Odeg
at the nonaxial-flow end wall to 63.5 deg at the axial-flow end wall. Simulated
fuels, either helium, nitrogen, or sulphur hexafluoride, were injected at the
center of the nonaxial-flow end wall. Small amountsof iodine vapor were added
to each simulated fuel as a tracer. Themolecular weights of the mixture were
approximately 6, 30, and 148, respectively.
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Figures 24_ 25, and 26 present the results of containment tests with each of

the three simulated fuels: the data are summarized in Fig. 27. Data were obtained

at three axial-flow Reynolds numbers and several slmulated-fuel flow rates. No

significant effect on the containment parameter of variations in axial-flow Reynolds

number can be seen except when heliumwas employed as the simulated fuel at low

axial-flow Reynolds numbers. Figure 27 shows that the use of a simulated fuel

whose density at injection was less than that of the simulated propellant (helium)

resulted in a substantial increase in the containment parameter for some cases.

Use of simulated fuels with densities equal to or greater than the simulated pro-

pellant density (nitrogen or sulphur hexafluoride) resulted in essentially the same

values of containment parameter as were previously noted (e.g._ compare Figs. 27

and 23). The increase in containment parameter when hellumwas used as the simu-

lated fuel is also apparent in basic vortex tube tests described in APPENDIX II.

This suggests that the favorable density gradient that occurs when helium was used

as the simulated fuel may be suppressing some of the turbulent mixing that normally

occurs in a radial-outflow vortex.

Figure 28 presents the radial distribution of slmulated-fuel density (normalized

by the simulated-propellant density at injection) for three of the tests whose re-

sults are presented in Fig. 27. The density distributions obtained with nitrogen

and sulphur hexafluoride are identical but that obtained with helium is quite dif-

ferent. The helium density is approximately constant inside a radius of 0.75 r i

whereas the nitrogen and sulphur hexafluoride distributions continue to increase in-

side this radius.

The data of Fig. 28 are replotted in Fig. 29 to show the radial distribution

of the local partial pressure of the simulated fuel (it was assumed for this data

that the static pressure in the vortex was constant and equal to the simulated-

propellant pressure at the peripheral wall). A simulated-fuel partial pressure

equal to approximately 65 percent of the simulated-propellant injection pressure

was obtained over a substantial volume of the vortex tube (i.e., inside a radius

of 0.8 [I ). This occurred only when the simulated fuel had a density at injec-

tion that was less than that of the simulated propellant. The local simulated-fuel

partial pressure was substantially lower whenever the simulated-fuel density at in-

Jection was equal to or greater than that of the simulated propellant.

Figure 30 shows the radial distribution of local density in the vortex for the

conditions of Figs. 28 and 29. The density in the central region of the vortex with

helium as the simulated fuel was less than 50 percent of the density at the peripher[_l

wall and was relatively constant over three quarters of the radius. The effect of

the large favorable density gradient (i.e., increasing density with increasing radius)

on the turbulence level was probably the cause of the increased simulated-fuel con-

tainment that existed for this case (see Fig. 27).
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The radial variation of density within a vortex and its effect on the fuel

containment is an important consideration in gaseous nuclear rockets. As described

in Ref. 9, the closed-cycle gaseous nuclear rocket engine (i.e., the nuclear light

bulb engine) may have a density distribution slmular to that shown for the helium

simulated fuel in Fig. 30. The flow between the transparent wall of the nuclear

light bulb engine and the nuclear fuel will consist of a coolant gas, probably neon.

Since neon is essentially transparent to thermal radiation, the density of the neon

coolant very near the wall will in all probability be greater than the density of

the gaseous nuclear fuel. Thus, the density gradient near the transparent wall

should be favorable (i.e., increasing density with increasing radius). It is an-

ticipated that this favorable density gradient will minimize the turbulent diffusion

of fuel to the peripheral wall of the vortex tube.

In contrast, the open-cycle engine will have hot hydrogen that is nearly opaque

to thermal radiation surrounding the nuclear fuel. Thus, with the exception of a

very thin region near the peripheral wall, no favorable density gradient exists

within this vortex flow and, hence, no similar turbulence suppressing mechanism

exists in the open-cycle engine.
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LIST OF SYMBOLS

_=

Aj

D

h
s

I

Io

Light-gas injection area at vortex tube periphery, sq ft or sq in.

Diameter of vortex tube, 2 rI , ft or in.

Vortex tube light-gas injection slot height (APPENDIX II), ft or in.

Intensity of light transmitted through test section during a test,

candle s.

Intensity of light transmitted through test section immediately prior

L

LID

P

P

Q

Qp_

Q
z

to the injection of iodine vapor into vortex tube, candles.

Length of vortex tube, ft or in.

Vortex tube length-to-diameter ratio, dimensionless.

Partial pressure, lb/ft 2 or atm.

Static pressure, lb/ft 2 or atm.

Volumetric flow rate, ft3/sec.

Volumetric flow rate of light gas at vortex tube peripheral wall, ft3/sec.

Volumetric flow rate through axial-flow annulus, ft3/sec.

(QF/QP)IN J Heavy-to-light-gas volume flow rate ratio at injection, dimensionless.

r Radial distance from vortex tube centerline, ft or in.

rI Radius of vortex tube, ft or in.

Rer Radial Reynolds number, WpT /2_p IL ,dimensionless.

Ret,j Light-gas tangential injection Reynolds number, (PPI V_,j rl)/_p I ,
dimensionless.

Rez,w Axial-flow Reynolds number or equivalent axial-flow Reynolds number,

(pp, Vz,wr,)l_pl, dimensionless.

t Time (APPENDIX Ill), sec.
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LIST OF SYMBOLS (Cont'd)

tI

tFC-77

tF

tFMi N

Iodine time constant (APPENDIX III), sec.

FC-77 time constant (APPENDIX III), sec.

Heavy-gas time constant (i.e._ average heavy-gas dwell time),

sec •

Heavy-gas time constant for fk_lly mixed flo_ _i.e._ minimum average

heavy-gas dwell time), V/[Qpl{l + (QF/QP)INJ}J,sec.

T

T
PI

TF I

V

Vz ,w

V

W

Wp/W F

M/"

Bj

/-Lp I

P

Temperature, deg F or deg R.

Temperature of light gas at injection into vortex tube (APPENDIX IV),

deg F or deg B.

Temperature of heavy gas at injection into vortex tube (APPENDIX IV),

de g F or de g R.

Average tangential component of light-gas injection velocity,

Wpi COSBj Ipp, Aj , ft/sec.

Average velocity through equivalent axial-flow annulus, Oz/(7/16) Tr rlz
ft/sec.

Volume of vortex tube, w-r

Weight flow rate, lb/sec.

ZL,_3.
I

Light-to-heavy-gas weight flow rate ratio, dimensionless.

Weight of gas stored in vortex tube, lb.

Angle between r-_ plane and centerline of directed-wall-jet insert

(see sketch TABLE I), deg.

Viscosity of light gas or simulated propellant at injection,

ib/(see-ft) .

Density, ib/ft 5.
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LIST OF SYMBOLS (Cont 'd)

) Maximum value of heavy gas density ratio, dimensionless.@P, MAx

PFIN J
Density of heavy gas or simulated fuel at injection, ib/ft3

(APPENDIX IV).

PI STD
Density of iodine vapor at 273 K and 760 mm Hg, assuming iodine vapor

is a perfect gas, (0.707 ib/ft3).

Density of light gas or simulated propellant at injection, ib/ft3.

Average density of heavy gas within vortex tube, >Y'F/'rrrz L , lb/ 3.

PFI/PPI

T

Heavy-gas or simulated-fuel density ratio, dimensionless.

Total time for one vertical traverse of axial light beam

APPENDIX Ill).

see

F I

2
Dimensionless heavy-gas or simulated-fuel time constant, fF _.tpj /PPI rl '
dimensionle ss.

'CFI MIN
Dimensionless heavy-gas or simulated-fuel time constant for fully

Z dimensionless
,mixed flow, fFMIN_pI /PPI rl

rFt/TFIMIN Heavy-gas containment parameter_ dimensionless.

Azimuthal angle, deg.

Station Subscripts

Outer radius of vortex tube.

Edge of fuel-containment region.

IN, Injection location.

TF Thru-flow exhaust ducts.
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Other Subscript s

F

FC - 77

I

P

LIST OF SYMBOLS (Cont'd)

Heavy gas or simulated fuel.

Fluorocarbon.

Iodine vapor.

Light gas or simulated propellant.
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APPENDIX I

SUMMARY OF TESTS OF BASIC VORTEX TUBES HAVING

MULTIPLE-FIXED-PORT LIGHT-GAS INJECTION

A description of containment tests for vortex flows having no superimposed

axial flow is presented in this APPENDIX. Results are presented for both radial-

outflow and radial-inflow vortex configurations.

Radial-Out flow Te sts

Containment tests of vortexes with radial outflow in a basic vortex tube were

conducted to provide a comparison with results of similar tests in an axial-flow

vortex tube.

A multiple-fixed-port vortex tube having 4284 holes of O.O78-in.-dia was in-

stalled in the high Reynolds number test facility for these tests (Fig. 31). The

light gas (air) was injected through two-thirds of the holes and was exhausted

through the remaining one-third into four exhaust plenums spaced 90 deg apart

around the peripheral wall (see Fig. 31). The heavy gas consisted of a mixture of

FC-77 and iodine vapor and was injected into the vortex from a 1.O-in.-dia porous

tube located on the vortex tube centerline.

Tests were conducted at tangential injection Reynolds numbers of Re, :=
17J

i.i x 10 5, 1.9 x 10 5 and 2.8 x 105 with corresponding equivalent axial-flow Reynolds

numbers of Rez, w = 4.0 x 104 , 7.6 x 104 and ii.0 x 104 • Results of heavy-gas

containment tests are presented on Fig. 32 as the variation of containment para-

meter with heavy-gas density ratio. The containment parameter _(rFI/rFLMI_) in-
creases with increasing equivalent axial-flow Reynolds number, I.e., wiLn increas-

ing light-gas weight flow rate ( Wp is directly proportional to the equivalent

axial-flow Reynolds number). These results are different from those reported in

the main text of the report for vortexes with radial outflow and large superimposed

axial flow; results of those tests showed that the containment parameter was in-

dependent of axial-flow Reynolds number and, hence, independent of light-gas weight

flow (e.g., Figs. 12, 13 and 14). Comparable results from tests of a vortex con-

figuration with radial outflow and no superimposed axial flow, but with single-slot

light-gas injection (Ref. 4) are also presented in Fig. 32.



Radial-Inflow Tests

Containmenttests were also conductedusing a vortex with radial inflow and no
superimposedaxial flow. The primary purpose of these tests was to determine the
maximumamountof heavy gas that can be stably contained in a vortex of this type.
Results of previous tests (see Ref. 4) showedthat, for someflow conditions, an
instability occurred which causeda completebreakdownof the vortex flow pattern.

The high Reynolds numbertest facility wasused for these tests, and the
vortex tube employedwas identical to that described in the preceeding paragraphs.
Figure 33 presents a sketch and a photograph of the vortex-tube geometryfor the
radial-inflow tests. The radial-inflow configuration wasdifferent from the radial-
outflow configuration in two respects: (1) in the radial-inflow configuration, a
fraction of the total injected flow waswithdrawn through ports located at the
center of one or both end walls, whereas in the radial-outflow configuration, all
of the injected flow waswithdrawn through the peripheral wall; and (2) in the
radial-inflow configuration, heavy gas was injected into the vortex tube through
twelve 1/2-in.-long x O.O96-in.-ID tubes which were located around the periphery
at the axial mid-plane of the vortex tube (see Fig. 33)_ whereasfor the radial-
outflow configuration, the heavy gas was injected through a porous tube located
along the vortex tube centerline.

For tests employing a radial-inflow vortex configuration, the light-gas flow
condition is specified in terms of the equivalent axial-flow Reynoldsnumber Rez,w ,
the tangential injection Reynoldsnumber Ret, j , and the radial Reynolds number

Re r The radial Reynolds number is a measure of the weight flow rate of light

gas removed through the thru-flow ports located at the centers of the end walls of

the vortex tube (see Fig. 33). The radial Reynolds number, Re r , is defined as

W
(1-1)

Re r : 2rrLLpi. k

where W_is the total light-gas weight flow through the thru-flow ports.

Results of tests to determine the effect of radial Reynolds number on the

heavy-gas containment characteristics of vortexes with thru-flow removal at one or

both ends of the vortex tube are presented in Fig. 34. For these tests, the tan-

gential injection Reynolds number was 170,000 and the heavy-gas flow rate was ap-

proximately constant at 0.034 ib/sec. The results indicate that the differences

between the data for thru-flow removal through one end wall and through both end

walls were small for radial Reynolds numbers less than approximately iO0. For

radial Reynolds numbers greater than 150 and configurations having thru-flow re-
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moral at only one end of the vortex tube, the measured values of containment para-

meter were approximately 15 percent greater than those obtained from the configura-

tion having two thru-flow ports.

The effect of radial Reynolds number on the radial distribution of heavy-gas

density is presented in Fig. 35 for tests with Re r = 25, 50, 75 and i00. The

density distributions shown were obtained from the configuration with thru-flow re-

moval through one end wall (containment data for these tests were presented in

Fig. 34). For these tests, the heavy-gas flow rate was held constant. Different

radial distributions of heavy gas obtained at different radial Reynolds numbers can

be attributed to changes in the vortex convective flow patterns. The data presented

for radial Reynolds numbers of 25 and 50 indicate that the heavy gas was distributed

in an annular region between radius ratios of approximately 0.5 and i.O. When the

radial Reynolds number was increased to 75_ the heavy-gas annulus extended into the

central region of the vortex tube; increasing the radial Reynolds number to a value

of i00 resulted in more heavy gas stored near the center of the vortex tube and

less stored near the peripheral wall. The total heavy gas stored for Re r equal to

75 and I00 was approximately the same.

Observations of a flow instability were reported in Ref. 4 for some flow con-

ditions employing a radial-inflow vortex. In the present program, tests were con-

ducted at Reynolds numbers which approximated those at which the instability was

observed (i.e., Ret, i = 170_000 and Re r = 60). Visual observations of the

heavy-gas annulus in the vortex were made. An instability similar to that reported

in Eel. 4 was not observed. However, the vortex tube geometry employed in these

tests was not identical to that employed in the study of Ref. 4; a multiple-fixed-

port vortex tube was used in the present program and a single-slot-injection vortex

tube was used in Bef. 4. It is possible that the occurrence of this instability

was in some way related to the single-slot geometry which was employed in Ref. 4.

Additional radial-inflow tests were conducted with a radial Reynolds number of

iOO and a tangential injection Reynolds number of 170,000. For these tests, the

primary variable was the heavy-gas weight flow rate. Results of these tests are

presented in Fig. 36 along with data from Ref. 4. The data presented in Fig. 36

indicate that the density ratios obtained with the vortex tube geometry used in the

present investigation were larger than those reported in Ref. 4.
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APPENDIX II

SUMMARY OF TESTS OF VORTEX TUBES HAVING SINGLE-SLOT

LIGHT-GAS INJECTION

Description of Tests

The experiments described in this APPENDIX were conducted with vortex tubes

having single-slot light gas injection. Most of the vortex test equipment used in

these tests has been described in Eefs. 4 and 5. The flow configuration employed

was a radial-outflow vortex without superimposed axial flow. Five series of tests

were conducted and included in the following:

im Tests in the basic 10-in.-dia vortex tube to investigate the effect of the

light-gas (i.e._ .simulated propellant) injection slot height on heavy-gas

containment,

2. Tests in the basic lO-in.-dia vortex tube to investigate the effects of

different density heavy gases (i.e.j simulated fuel) on heavy-gas

containment.

. Tests in the lO-in.-dia vortex tube to investigate the effects of heavy-

gas injection with and without a centerline porous tube on heavy-gas

containment.

4. Tests in the basic 8-in.-dia vortex tube to investigate the effect of

vertical and horizontal positioning of the vortex tube axis on heavy-

gas containment.

. Tests in a newly constructed 30-in.-dia vortex tube to investigate the

effect of a large change in tube length-to-diameter ratio on heavy-gas

containment.

Tests using the iO-in.-dia Vortex Tube

This vortex tube consisted of a cylindrical metal tube 30-in. long_ to which

end walls were attached. A sketch of the vortex tube is presented in Fig. 37. The

light gas was injected through a tangential injection slot extending the entire

length of the vortex tube; both light and heavy gases were withdrawn through a

screen on the peripheral wall just upstream of the injection slot. Further details

of this configuration are given in Ref. 4.
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Previous tests (Refs. 4 and 5) in this vortex tube had been conducted with a

light-gas injection slot height of O.182 in. To determine if the injection slot

height has any appreciable effect on the heavy gas containment characteristics ad-

ditional tests were conducted with slot heights of 0.060 in. and 0.440 in. For

each of the new configurations, belfry-gas time constants w_re determined at several

values of tangential injection Reynolds number; at each Reynolds number several

values of injected heavy-gas weight flow were used. For these tests the heavy gas

was injected through a i i/4-in.-0D porous tube positioned concentric with the

vortex tube (see Fig. 37).

Heavy-gas containment data from these tests along with data from Bef. 5 ob-

tained with a O.182-in.-high injection slot are presented in Fig. 38. These data

show the variation of the containment parameter with the equivalent axial-flow

Reynolds number.

The equivalent axial-flow Reynolds number is defined as that value of Rez, w that

would exist if all the injected light gas were removed through an annulus extending

from r = 0.75 r_ to r = r, in one end wall. The relationship between the

equivalent axial-flow Beynolds number and the tangential Reynolds number for the

single injection slot vortex tube isj

hs L )Rez, w = Ret, j (7/t6)w'r' z (II-1)

The data presented in Fig. 38 were obtained for two different heavy-gas weight

flow rates and at three different injection slot heights. It is evident from Fig.

that, for a given equivalent axial-flow Reynolds number, the containment parameter

increased as the slot height decreased. Moreover, data obtained with the smaller

injection slot heights showed an increase in heavy-gas containment with increasing

Reynolds number. The reasons for this are not fully understood at present, but may

be associated with an increase in tangential velocity (and hence circulation and

circulation gradient) that occurs with decreasing slot heights at a given equivalent

axial-flow Reynolds number.
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A second series of tests was conducted to determine the containment character-

istics of a vortex having small heavy-gas weight flows of different density heavy

gases. The vortex configuration employed in these tests had a single, O.18-in.-

high light-gas injection slot; the heavy gas (i.e.j simulated fuel) was injected

through a 1 i/4-in.-dia porous tube positioned on the vortex tube centerline. These

tests were similar to those discussed previously in this report (subsection entitled;
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Results of Tests Employing Different Simulated Fuels in DISCUSSION OF RESULTS) ex-

cept that the basic vortex tube configuration was used. The results of the tests are

presented in Fig. 39 as the variation of the heavy-gas containment parameter with

heavy-gas density ratio. The simulated fuel employed in these tests consisted of a

mixture of iodine vapor and one of four other gases: viz., FC-75 (molecular weight

of 416), sulphur hexafluoride (molecular weight of 146), nitrogen (molecular weight

of 28), and helium (molecular weight of 4).

The most significant result shown by Fig. 39 is that, where overlapping oc-

curred in the weight flows of two different density heavy gases, very little dif-

ference in the containment parameters was noted. Also, the containment parameter

increased as the weight flow of the heavy gases was decreased. Values of the con-

tainment parameter of approximately 75 were achieved for some test configurations.

In addition, visual observation of the vortex flow in the tests employing helium

as the simulated fuel indicated a larger and less turbulent heavy-gas containment

region.

In a third series of tests conducted in the lO-in.-dia, single-slot vortex tube,

the heavy gas (FC-75 and iodine vapor) was injected directly into the vortex through

l.O-in.-dia holes at the centers of both end walls. Again the basic vortex tube

configuration was used. The variation of heavy-gas containment parameter with heavy-

gas density ratio for these tests is presented in Fig. 40, and for comparison, some

data from Fig. 39 have been included. The data presented in Fig. 40 indicate that

for this configuration (i.e., no superimposed axial flow) the containment parameters

obtained from tests with heavy-gas injection through a centerline porous tube were

20 to 80 percent larger than those obtained with heavy-gas injection through the

end walls.

Tests in the 8-in.-dia Vortex Tube

A series of tests were conducted to investigate the effects of vortex tube

orientation on heavy-gas containment characteristics. For radial-outflow vortexes,

the buoyancy force due to gravity may have an adverse effect on the heavy-gas con-

tainment characteristics. To investigate this possibility, tests using the vortex

tube shown in Fig. 41 were conducted with the axis of the vortex tube both vertical

and horizontal. (Additional details of the vortex tube employed in these tests are

given in Ref. 12, the instrumentation techniques are described in Ref. 4.) The

heavy gas was a mixture of FC-75 and iodine vapor and was injected through a

1 i/4-in.-0D porous tube located on the vortex tube centerline.

Tests were made at several heavy-gas flow rates and at several light-gas injec-

tion Reynolds numbers. The results of these tests are presented in Fig. 42 and,

within the scatter of the data, no change in the heavy-gas containment character-
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istics due to the orientation of the vortex tube is evident. This result is in
agreementwith a similar result reported in Ref. 8 for a directed-wall-jet vortex
tube with superimposedaxial flow.

Tests using a _O-in.-dia Vortcx Tube

A series of tests were conducted in a specially constructed 30-in.-dia vortex

tube. This vortex tube was formed by separating the 10-in.-dia vortex tube from

the light-gas injection plenum and replacing it with a piece of sheet metal rolled

into a 30-in.-dia tube. Plexiglass end walls were clamped to the end of the rolled

sheet metal tube. The light-gas injection and exhaust system used in the lO-in.-dia

vortex tube were also employed with this vortex tube. A photograph of the 30-in.-dia

vortex tube is shown in Fig. 43.

The primary objective of using these tests was to determine the effect of vortex

tube diameter on heavy-gas containment characteristics. The tests were conducted

with air as the light gas injected through a O.190-in.-high slot at the periphery

and with the heavy gas injected through a 1 i/4-in.-OD porous tube positioned

concentric with the vortex tube. The air was injected at a velocity of 135 ft/sec

resulting in an injection Reynolds number of 530,000. (In a lO-in.-dia vortex tube

this velocity corresponded to an injection Reynolds number of 180,000.) The varia-

tion of containment parameter with heavy-gas density ratio for these tests is

presented in Fig. 44. The results are similar to those obtained from previous tests.

Howeverj the containment parameters are somewhat less than those from comparable

tests with the lO-in.dia vortex tube.

Based on visual observations of the heavy-gas cloud, the velocities near the

center of the vortex were extremely low for the 30-in.-dia vortex, and hence buoy-

ancy forces caused by gravity were adversly effecting the heavy-gas distribution

in the central region of the vortex. Since this phenomena was not observed in the

10-in.-dia vortexes, it is possible that the lower values of the heavy-gas contain-

ment parameter were caused by combined effects of low angular velocity and gravity.
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APPENDIX llI

DETErmINATION OF THE AMOUNT OF HEAVY GAS STORED WITHIN THE VORTEX TUBE

A data acquisition system based on the principle of light absorption by iodine

vapor was used to determine the total amount of heavy gas stored within the vortex

tube during containment tests.

Description of Axial Absorptometer

The principal components of the axial absorptometer are shown schematically in

Fig. 7. It consists of a 100 watt zirconium arc lamp located at the focal plane of

two 6-1n.-dia f/8 parabolic mirrors, a beam selector and scanner, plane mirrors on

each of theovortex-tube end walls, a 15-in.-dia f/1.5 f_eusing lens, an interference

filter (40 A half-width with peak transmission at 5250 A), and an RCA 6655A photo-

multiplier tube. Light from the arc lamp reflects from the parabolic mirrors to

form two 6-1n.-dla parallel light beams. The light beams strike the beam selector,

a flat plate on the scanner which has two small (approximately 3/16-in.-dia) holes

drilled 5½ in. apart. Light passing through this plate is in two narrow collimated

light beams. The diameter of each light beam can be adjusted by an iris on the

plate, and a sliding shutter is used to alternately block the light of each beam.

The narrow light beams pass axially through the vortex tube and the focusing lens to

the photomultiplier tube.

The scanner consists of an electric motor with a gear reduction unit that drives

a cam upon which the selector plate rides. The cam (shown in Fig. 45) was designed

such that a uniform angular displacement results in vertical motion of the selector

plate proportional to the square of the distance traveled. Figure 45 shows the

vertical displacement of the selector plate as a function of the angular displacement

of the cam. In this way, the two narrow light beams passing through the plate

traverse radially with a speed proportional to the square of their radial distance

from the vortex tube centerline. The scanner is adjusted so that one light beam

traverses along a vertical radius above the centerllne; its shutter is then closed,

the other light beam shutter opens, and this beam traverses along a vertical radius

below the centerllne. The process is then repeated. The light beam shutters are

opened and closed automatically by a signal from an auxiliary photomultlpller tube.

The optical system was aligned such the narrow light beams were parallel to the

vortex tube centerline at all times.
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Analysis

As the light beampasses through the vortex tube, its intensity will be reduced
due to absorption by the iodine vapor present in the optical path. In Ref. 12, the
expression relating the density of the iodine vapor to the fraction of light trans-
mitted is shownto be

h(' I/Io): e-553/T/\3660L (IZT-I)

where I is the intensity of light transmitted through the vortex tube during a

test and Io is the intensity of light transmitted immediately prior to the injec-

tion of iodine vapor. The iodine density calculated from Eq. (III-1) is an average

density over the length, h The iodine vapor does not have to be uniformly dis-

tributed along the optical path length because the fraction of light transmitted is

proportional only to the total number of absorbing iodine molecules in the optical

path.

The radial variation of light intensity was obtained by traversing the light

beam radially and recording the subsequent photomultiplier tube output (which was

proportional to the light intensity). For the data reported herein the variation

of I O with radius was obtained by traversing the light beams across the vortex
tube without iodine present, but with the light-gas flow established (see section

entitled TEST PROCEDURES). The intensity of the light beam with iodine present, I ,

was then obtained in the same manner, with heavy gas flowing. Figure 46 presents

typical photomultiplier output records as the light beams were traversed radially.

From the known relationship between the cam rotation and radial position of the

light beam (i.e., from Fig. 45) and the traces of I and I O , the axially averaged

iodine density as a function of radius can be obtained using Eq.(III-_.

The amount of iodine vapor stored within the vortex, Y_i, is

"_Z = _v PI dv

and since

r-"r I

: "n'L/ Pz d(r2) (III-2)
r=o
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Combining Eqs. (III-l) and (III-2),

4.

 ,Tor=r,(In I/Io) d(r 2)
i_ : 366o ,- e-_3/T/ :o

-tr I- :o (Inl) d(rZ) - /r:o (LnIo) d(rZ)} (III-3)or _I : 5660 8- 553/T

Since uniform angular displacement of the cam on the scanner produces a displacement

of the light beam proportional to the square of its radial location, and since the

cam turns at consonant speed, then the time of travel as a function of radial posi-

tion is

= (IF2+ b

with conditions that at t = O, r = rl

total time of traverse. Thus,

and at ? = T, r = O, where T is the

,- ']

Then

r 2
d(r z ) :_3L dt

T
(iIi-4)

Substituting Eq. (III-4) into Eq. (III-3),

(in I o) dt - in I)dt }
$_z 3660T I - e- 553/[' :o

(III-5)

The advantage of expressing _g I in the form given by Eq. (111-5) is that the

integration can now be performed electronically. Signals from the photomulti-

plier tube (i.e., first I O , then I ) go into a log amplifier. The output

signal then goes into an electronic integrator and the integrator
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output signal is recorded. Starting and stopping of the integrators is done by the
auxiliary photomultlplier tube which is also used to control the light beamshutters.
Thus, by knowing the time of integration (which can be set by controlling the cam
speed), the amountof iodine vapor stored within the vortex is proportional to the
difference of the two integrals (see Eq.(III-3)).

To calculate the iodine time constant, tI , both the amountof iodine vapor
stored within the vortex and the iodine v_por flow rate must be determined. The

former is obtained from Eq. (III-5), and the iodine vapor flow rate is obtained from

an iodine absorptometer positioned on the heavy-gas injection duct Just upstream of

the vortex tube. The iodine absorptometer is similar to that described in APPENDIX

I of Ref. 4, but differs in that the one employed in this study had an optical path

length of 1.125-in. and the gas flowing through the duct was only heavy gas. For

most tests the heavy gas was a mixture of FC-?? and iodine vapor (see text).

The density of iodine vapor passing through the absorptometer is (from APPENDIX

I of Ref. _)

/ --PTsTD in I/Io_ (iII-6)

where l/I 0 is the fraction of light transmitted through the iodine vapor.

Since the iodine vapor and FC-77 vapor were premixed (see text), the volume flow

rate of each flowing through the duct were equal. Thus,

(wFc.7l
WI " PI PFC_77 /

(III-7)

W FC-77 iS the weight flow rate of the FC-77 and is measured by a turbine flow meter

prior to mixing wlth the iodine vapor. P FC-77 is the density of FC-77 as it

flows through the absorptometer; and, since the partial pressure of the iodine vapor

in the duct is small, P FC-77 is calculated from the measured pressure and tem-

perature in the duct at the absorptometer.

The iodine vapor time constant is calculated from Eqs. (III-5) and (III-7).

is assumed that the heavy-gas time constant is equal to the iodine time constant

(there are no forces to cause any appreciable separation between the iodine vapor

and the FC-77 once they are mixed together).

It

Then,

t F = tI = tFC_77
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and
_rF = t FwF = i_(W I+wFC_Tj

or

WFC_77 (III-8)

_I is obtained from Eq. (III-5), w I from Eq. (III-7), and WFC_77 is measured.
Eq. (III-8)gives the total amount of heavy gas stored within the vortex tube
during steady-state operation.
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APPENDIXIV

RELATIONSBETWEENDIMENSIONLESSANDDIMENSIONALVORTEXFLOWPARAMETERS

Thedata described in the present report were obtained in vortex tubes with a
constant peripheral-wall radius and with L/D ratios of i, 2 and 3. The length and

volume for these vortex tubes are:

L/D Radius, rI Length, L Volume, V

i 0.416 ft 0.833 ft 0.45 ft3

2 0.416 ft 1.667 ft 0.91 ft3

3 0.416 ft 2.500 ft 1.36 ft 3

The approximate properties of the slmulated-propellant and simulated-fuel gases at

injection into the vortex tube are:

Property Simulated-Propellant

Gas Air

Simulated Fuel

Fluorocarbon, FC-77

Temperature Tp = 300 F T F = 320 F
I I

Pressure P = 13.5 psia P = 13.5 psia

Density PPI = 0.048 lb/ft 3 PFiN J = 0.643 ib/ft 3

Viscosity _Pl = 1.57 x 10 -5 ib/sec ft

To use these model performance results in full-scale engine performance

studies and to compare the present results with previous and concurrent heavy-gas

containment tests, the containment results for a given configuration are presented

in terms of three dimensionless parameters. Typical values from test data for a

vortex tube with L/D = L.0 are:

/PPl = 0.2Heavy-gas density ratio, _FI/ = i0
Containment parameter, r F i F I M_N

Axial-flow Reynolds number, Rez,w = 300,000

These dimensionless parameters are converted to dimensional parameters in the follow-

ing table.
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FIG. 3

PHOTOGRAPH OF LIGHT-GAS SUPPLY SYSTEM
SEE FIG 2 FOR SCHEMATIC DIAGRAM

400 PSI LIGHT-GAS TEST SECTION
AIR INLET HEATER SUPPLY

CONTROL.
VALVE

ATMOSPHERIC
AIR INLET
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FIG. 4
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FIG.

PHOTOGRAPH OF HIGH REYNOLDS NUMBER

TEST FACILITY CONTROL CONSOLE

HEAVY-GAS SUPPLY

STEM CONTROLS

DATA-ACQUISITION

CONSOLE

LIGHT-GAS SUPPLY

SYSTEM CONTROLS

9 FT

47



o_ _.

¢.9 ._

!

I--

W T
"I- __
0 "J
¢0

\

48

FIG. 7



¥

=o

!

i,m.
z
0
¢.)

X
i,i

n-
O

.J

X

U.
0

>..
n-
F--
W

0
W
(.0

0

0
Z

W

W
(n

E

0
I

I--
0
Z

>-
rr

W

0

Z

_o
I'-

LIJ

Z

I-'-

T

o
.J

O

..J

¢7

\

FIG. 8

z
o

F-

W

CO

w

bJ

49



LIGHT-GAS INJECTION GEOMETRY FOR

VORTEX TUBES

FIG, 9

MULTIPLE- FIXED -PORT

O) SCHEMATIC OF INJECTION GEOMETRY

OUTER CYLINDRICAL SHELL

f

36 EQUALLY SPACED HOLES

AT EACH OF li9 AXIAL STATIONS

INNER WALL OF

VORTEX TUBE

DIRECTION OF

LOCAL TANGENT

b) PHOTOGRAPH OF TYPICAL MULTIPLE-FIXED-PORT VORTEX TUBE

C

LENGTH, L = 30 IN. DIAMETER, D = IO iN
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LIGHT-GAS INJECTION GEOMETRY FOR

VORTEX TUBE

FIG, I0

DIRECTED-WALL-JET

0) SCHEMATIC OF INJECTION GEOMETRY

DIRECTED-WALL-JET INSERT

CYLINDRICAL SHELL

INNER WALL OF

VORTEX TUBE _-_

INSERT MAY BE ROTATED
FULL 360 DEG

b) DETAILS OF DIRECTED-WALL-JET INSERT

-SLOT HEIGHT = 0.045 TO 0.100 IN,

INSERT BASE
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FIG. 12

VARIATION OF CONTAINMENT PARAMETER WITH HEAVY-GAS

DENSITY RATIO FOR THE MULTIPLE-FIXED-PORT VORTEX TUBE

HAVING Aj = 13.1 SQ IN. AND L/D= 3.0
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FIG.13

VARIATION OF CONTAINMENT PARAMETER WITH HEAVY-GAS

DENSITY RATIO FOR THE MULTIPLE-FIXED-PORT VORTEX TUBE

HAVING Aj = 20.5 SO IN. AND L/D= 3.0
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FIG, 14

VARIATION OF CONTAINMENT PARAMETER WITH HEAVY-GAS

DENSITY RATIO FOR THE MULTIPLE-FIXED-PORT VORTEX TUBE

HAVING Aj = 40.2 SQ IN. ANO L/D = 3.0
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FIG 15

SUMMARY OF DATA FOR MULTIPLE-FIXED-PORT VORTEX TUBES

HAVING Aj :13.1,20.5 AND 40.2 SQ IN. AND L/D=3.0
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FIG. 16

TYPICAL RADIAL DISTRIBUTIONS OF HEAVY-GAS DENSITY

IN MULTIPLE-FIXED-PORT VORTEX TUBES

WITH AND WITHOUT SUPERIMPOSED AXIAL FLOW
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FIG, 17

VARIATION OF CONTAINMENT PARAMETER WITH HEAVY-GAS

DENSITY RATIO FOR THE MULTIPLE-FIXED-PORT VORTEX TUBE

HAVING Aj = 1:3.3 SQ IN. AND L/D= 1.0
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FIGI8

TYPICAL RADIAL DISTRIBUTIONS OF HEAVY-GAS

IN MULTIPLE-FIXED-PORT VORTEX TUBES

HAVING L/D=I.O AND 3.0
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FIG,t9

VARIATION OF CONTAINMENT PARAMETER WITH HEAVY-GAS

DENSITY RATIO FOR THE DIRECTED-WALL-JET VORTEX TUBE

HAVING A.= I1.0 SQ IN. AND L/D=3.0
J
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FIG. 20

VARIATION OF CONTAINMENT PARAMETER WITH HEAVY-GAS

DENSITY RATIO FOR THE DIRECTED-WALL-JET VORTEX TUBE

HAVING A. =32.2 SQ IN. AND L/D=3.0
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FIG,21

SUMMARY OF DATA FOR DIRECTED-WALL=JET VORTEX

HAVING A. =11.O AND 32.2 SQ IN. AND L/D =3.O
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FIG 22

SUMMARY OF DATA FOR DIRECTED-WALL-JET VORTEX TUBES

HAVING A. =11.0 AND 21.5 SQ IN. AND L/D=I.O AND 2.0
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FIG 23

COMPARISON OF

AND

RESULTS OF TESTS WITH MULTIPLE-FIXED-PORT

DIRECTED-WALL-JET VORTEX TUBES
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FIG. 24

VARIATION OF CONTAINMENT PARAMETER WITH HEAVY-GAS DENSITY

RATIO FOR TESTS USING HELIUM AS THE SIMULATED FUEL

DIRECTED -WALL-JET VORTEX TUBE ,A. =11.0 SQ IN AND L/D = I0
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FIG. 25

VARIATION OF CONTAINMENT PARAMETER WITH HEAVY-GAS DENSITY
RATIO FOR TESTS USING NITROGEN AS THE SIMULATED FUEL

DIRECTED-WALL-JET VORTEX TUBE,AI:II.O SO IN. AND L/D = t.O
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FIG 26

VARIATION OF CONTAINMENT PARAMETER WITH HEAVY-GAS

DENSITY RATIO FOR TESTS USING SULPHUR HEXAFLUORIDE

AS THE SIMULATED FUEL

DIRECTED-WALL-JET VORTEX TUBE ,Aj:IIO SO IN, AND L/D = I.O
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FIG. 27

f

FIG.29

EFFECT OF SIMULATED-FUEL DENSITY AT INJECTION ON THE

RADIAL DISTRIBUTION OF SIMULATED-FUEL PARTIAL PRESSURE
IN THE VORTEX TUBE

DIRECTED-WALL-JET VORTEX TUBE, Aj=IIO SO IN , AND L/D :1 0
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FIG.30

EFFECT OF SIMULATED-FUEL DENSITY AT INJECTION ON THE RADIAL

DISTRIBUTION OF LOCAL DENSITY IN THE VORTEX TUBE

DIRECTED-WALL-JET VORTEX TUBE, Aj=IIO SO IN AND L/D =1 0

Rez,w = 60,000
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FIG, 51
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FIG. 53

GEOMETRY OF VORTEX TUBE FOR TESTS WITH RADIAL INFLOW

AND NO SUPERIMPOSED AXIAL FLOW
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FIG. 32

VARIATION OF CONTAINMENT PARAMETER WITH HEAVY-GAS
DENSITY RATIO FOR VORTEXES WITH RADIAL OUTFLOW

AND NO SUPERIMPOSED AXIAL FLOW

SEE FtG. 31 FOR VORTEX TUBE GEOMETRY
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FIG. 34

VARIATION OF CONTAINMENT PARAMETER WITH RADIAL REYNOLDS

NUMBER FOR VORTEXES WITH RADIAL INFLOW AND NO

SUPERIMPOSED AXIAL FLOW
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FIG.35

EFFECT OF RADIAL REYNOLDS NUMBER ON THE RADIAL
DISTRIBUTION OF HEAVY-GAS DENSITY FOR VORTEXES

WITH RADIAL INFLOW AND NO SUPERIMPOSED AXIAL FLOW

VORTEX TUBE GEOMETRY SPECIFIED IN FIG. 33
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j,- FIG, 36

VARIATION OF CONTAINMENT PARAMETER WITH HEAVY-GAS

RATIO FOR VORTEXES WITH RADIAL INFLOW

AND NO SUPERIMPOSED AXIAL FLOW

DENSITY

SEE FIG.I:] FOR VORTEX TUBE GEOMETRY
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EFFECT OF LIGHT-GAS INJECTION SLOT HEIGHT

ON CONTAINMENT PARAMETER

SEE FIG. 37 FOR GEOMETRY OF VORTEX TUBE

RADIAL OUTFLOW AND NO SUPERIMPOSED AXIAL FLOW
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I ON CONTAINMENT

WITH

FIG. 40

HEAVY-GAS INJECTION CONFIGURATION

PARAMETER FOR A RADIAL-OUTFLOW VORTEX

NO SUPERIMPOSED AXIAL FLOW

SEE FIG. 37 FOR GEOMETRY OF VORTEX TUBE
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FIG. 41
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FIG. 4:5
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FIG. 42

COMPARISON OF DATA OBTAINED WITH VORTEX TUBE

IN HORIZONTAL POSITION WITH DATA OBTAINED WITH VORTEX TUBE
IN VERTICAL POSITION

SEE FIG. 41 FOR GEOMETRY OF VORTEX TUBE

RADIAL OUTFLOW AND NO SUPERIMPOSED AXIAL FLOW
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VARIATION OF CONTAINMENT PARAMETER WITH HEAVY-GAS

DENSITY RATIO Fr_R A RADIAL-OUTFLOW VORTEX

IN THE 30-1N.-DIA VORTEX TUBE

FIG. 44

SEE FIG._,3 FOR GEOMETRY OF VORTEX TUBE
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CAM USED IN OPTICAL SCANNER

a) CAM LAYOUT -- I/2 FULL SIZE

FIG. 45
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FIG.46
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